INTRODUCTION {#SEC1}
============

Plant crops are susceptible to a large number of pathogens, including bacteria, fungi, oomycetes, viruses, nematodes and insects. In the last 70 years, breeding efforts provided a continuous supply of cultivars with improved yield and quality traits ([@B1]), though damage brought by plant pests and diseases notably reduces the global crop yield ([@B2]). Moreover, climate changes have facilitated the movement of numerous organisms and in turn have triggered new diseases that could develop into uncontrollable epidemics and jeopardize food security ([@B3]). For these reasons, plant breeders and researchers are highly committed to searching for plant disease resistance mechanisms. Plants possess a sophisticated immune system based on their ability to recognize phytopathogens. The activation of this system is based on the presence of specific receptors encoded by the so-called pathogen recognition genes (PRGs). The proteins encoded by the PRGs share common domains such as coiled-coil (CC), nucleotide binding region (NB), Toll-interleukin region (TIR), leucine rich region (LRR) and kinase domain (K). The cytoplasmic NB-LRR genes are divided into two classes: TNL (TIR-NB-LRR) and CNL (CC-NB-LRR) which possess, either the TIR or the CC domains respectively. Transmembrane receptor proteins containing kinase and LRR domains, such as receptor-like proteins (RLP) and the receptor-like kinases (RLK), are also involved ([@B4]). Omics and bioinformatics resources have greatly enhanced the identification, the genetic selection and the cloning of novel PRGs in the last few years. New approaches for exploring resistance genes datasets proved useful for shedding light on their molecular and evolutionary mechanisms and for facilitating the design of diagnostic tests, comparative analyses and new breeding programs ([@B5]). According to Food and Agriculture Organization (FAO) guidelines, omics data will be extremely important to develop more efficient plant cultivars, which are necessary for a new 'greener revolution' ([@B6]).

In the last years, several online omics platforms have been offered to facilitate the exploration and use of plant resistance genes. These platforms offer information related to specific organisms ([@B7],[@B8]) or to investigate particular plant traits ([@B9]), others offer omics data and integrated comparative tools ([@B10]). In this context, the Pathogen Recognition Genes database (PRGdb) represents an important reference site and repository for people working in the plant biotic resistance field and in the last year it improved understanding and findings in this research area. Since 2009, PRGdb supported researchers and plant breeders in detecting new plant disease resistance sources useful for crop improvement.

In this work, we present version 3.0 of PRGdb (<http://prgdb.org>), an update that contains new cloned and candidate pathogen recognition genes, allowing users to browse the manual annotated PR genes, PR gene families and avirulence (Avr) genes. A PRG annotation conducted on 76 *Viridiplantae* and algae proteomes is also provided. Furthermore, we offer users a new, automatic system to annotate and predict PRGs from DNA and amino acid (AA) sequences with a significant improvement in accuracy and sensitivity in comparison to our previous tool. These and other features are available in the new PRGdb user-friendly website.

MATERIALS AND METHODS {#SEC2}
=====================

New cloned resistance genes, *Viridiplantae* and algae proteomes {#SEC2-1}
----------------------------------------------------------------

An extensive bibliographic search was performed to retrieve the new cloned resistance genes from 1 January 2014 (last update of PRGdb 2.0 ([@B11])) to 1 August 2016. In addition, public databases such as Phytozome ([@B12]), Ensembl Plants ([@B13]) and NCBI genome db ([@B14]) were explored to upload the most recently released *Viridiplantae* and algae proteomes, retrieving a total of 76 proteome sequences (see the list of these proteomes in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Construction of hidden Markov models (HMMs) for R genes {#SEC2-2}
-------------------------------------------------------

The AA sequences of the cloned PRGs were incorporated in four FASTA files according to the PRG class they belong to (CNLs, TNLs, RLPs and RLKs). Afterward, a multiple sequence alignment (MSA) for each PRG class FASTA was performed using MUSCLE 3.6 ([@B15]). Then, these MSAs were used as a base for the creation of hidden Markov models (HMM) using the HMMER v3 package ([@B16]). An in-house PERL script was used to filter the best alignments and create the HMM modules using hmmbuild command. Alignments in a given position with a minimum BLOSUM62 score of +1 in the AA comparison and a minimum of 10 AAs in length were considered. Thus, a total of 60 HMM modules were built. A double check was performed using hmmsearch with the initial FASTA files as input against these HMM modules. To further classify these HMM modules as domains of resistance classes, each domain sequence from a certain class was extracted as a FASTA file from the above-mentioned MSA using Geneious R9 desktop software ([@B17]). Then, each of these FASTA files were employed as inputs to hmmsearch in order to label the HMM modules according to the domains they target. Finally, the HMM modules that did not have a match were further tested with jackhmmer tool ([@B15]) to find matches in Uniprot database ([@B18]).

Pathogen recognition gene analysis and gene orthology (DRAGO 2) pipeline {#SEC2-3}
------------------------------------------------------------------------

The core of pathogen recognition genes analysis and gene orthology (DRAGO 2) pipeline consists of a PERL script that predicts putative PRGs within a plant transcriptome/proteome FASTA file (Figure [1](#F1){ref-type="fig"}). In a first round, DRAGO 2 was executed with the cloned PRG FASTA file as an input to define the normalization value and the minimum score thresholds. Specifically, the previously created 60 HMM modules are used by DRAGO 2 to detect LRR, Kinase, NBS and TIR domains and compute the alignment score of the different hits based on a BLOSUM62 matrix. The normalization value is the absolute smallest similarity score found among the input sequences considering all domains. The minimum score thresholds are calculated from the smallest similarity score reported in a specific domain among the input sequences. Once these values are known, DRAGO 2 can be launched on any transcriptome or proteome. Apart from detecting the mentioned domains, DRAGO 2 is also able to detect CC domains and TM domains using COILS 2.2 program ([@B19]) and TMHMM 2.0c program ([@B20]). DRAGO 2 generates two output files: a numeric matrix that represents the similarity score of every single protein input to each HMM profile, and a JSON or TSB format file with the domain name, start position, end position, resistance class and identification for every putative plant resistance protein.

![DRAGO 2 pipeline: an overview of tools and script that predicts putative resistance genes within a plant transcriptome/proteome FASTA file.](gkx1119fig1){#F1}

DRAGO 2 validation {#SEC2-4}
------------------

To validate this tool, DRAGO 2 was executed over the proteome of the well-studied *Arabidopsis thaliana* organism to predict plant pathogen recognition proteins. The FASTA file of these putative PR sequences was further analyzed by InterProScan program version 5.16 ([@B21]) with the aim of comparing its results with those from our tool. InterProScan was called using PfamA-26.0 and Coils-2.2, with the other parameters set to default.

Relational database {#SEC2-5}
-------------------

The PRG data was imported into a MySQL (5.5) based relational database hosted in an Ubuntu server (14.04). The web application was developed using NodeJS technology with the ExpressJS web development framework in the back-end and HTML5, CSS3, JavaScript technologies in the front-end, besides importing libraries and frameworks such as Bootstrap or JQuery. PRGdb 3.0 is freely accessible through a web interface at the following address: <http://www.prgdb.org>.

RESULTS {#SEC3}
=======

Overview of improved web portal display and features {#SEC3-1}
----------------------------------------------------

One of the major goals of this update was the creation of a more interactive website for the plant disease resistance community. We have modernized the PRGdb interface to improve user experience, making contents more accessible and greatly expanding the amount of pages and sections. We have re-engineered the home page to summarize the different types of information gathered in the portal (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). Users can navigate through the site using the dropdown menu, showing from left to right: PRGdb home, species, genes (which includes Reference PRGs, Putative PRGs, Avr genes and All resistance genes), Pathogens, Diseases, tools (which includes DRAGO 2 and BLAST) and Contact us. In the middle of the home page, plants having PRGs are displayed and associated with a picture. In the plant images section, clicking on a specific photo expands the details on a given plant. In the general stats section, users will find a chart and a table to quickly visualize the amount of information stored in our database. The number of plants (green bar), pathogens (blue bar) and diseases (red bar) stored in our database are shown in a chart, whereas number of Avr genes, reference genes and putative genes are shown in a table. Finally, the last section displays news related to the web application and plant disease resistance.

![An overview of the PRGdb version 3.0. (**A**) Home page and Search tool; (**B**) General stats; (**C**) Gene page with interactive gene model system and related gene info; (**D**) example of Pathogens page with disease information.](gkx1119fig2){#F2}

Plant, pathogen and gene model page {#SEC3-2}
-----------------------------------

The 'Plants' page shows a list of all the organisms stored in this database. This list can be dynamically consulted searching by plant name. In each plant species page users can find statistics on the number of reference and putative pathogen recognition genes for each class in that species, as well as other information such as its NCBI accession number or a photo.

The 'Genes' page shows a summary of all the information attached to PRGs and a brief description of the main classes. As mentioned above, there is a dropdown tab where users can choose between the reference resistance gene, putative resistance gene, Avr gene or all resistance gene pages. Clicking on one of these options displays a list of all those type of genes in the database. Hence, by clicking on one of these genes, users will be able to reach the gene details page. The gene reference detail page and the gene putative detail page are composed of the same five sections: gene description, gene information, gene model, BLAST search results and gene sequence. In the gene information section, there is a table containing the general features of a gene. In the gene model section (Figure [2C](#F2){ref-type="fig"}), users will be able to explore the resistance domains of a gene in an interactive way. With regard to the Avr gene details page, it must be mentioned that in this case there are only three sections: gene description, gene information and gene sequence.

The 'Pathogens' page shows a list of all the pathogens stored in this database. In the pathogen description section (Figure [2D](#F2){ref-type="fig"}), information about that specific pathogen is displayed such as other names, its NCBI accession number or a photo. In the Avr section, a table which contains a list of all known Avr genes belonging to this pathogen is shown. Finally, in the list of diseases section, a table which contains a list of all known plant diseases caused by this pathogen is displayed.

Finally, the 'Diseases' page shows a list of all diseases stored in this database and their description, and the disease detail page is only composed of two sections: disease description and presence among species.

DRAGO tool implementation and InterProScan prediction comparison {#SEC3-3}
----------------------------------------------------------------

Version 2 of the DRAGO pipeline was created and tested in the *A. thaliana* proteome. Our tool was able to identify \>1700 putative PRGs in said dataset. The protein sequences of these genes were also analyzed by InterProScan, thus allowing a comparison between both tools. The results showed that 93.98% of the putative pathogen recognition protein sequences had a perfect match between the putative PR-domains predicted by both tools whereas 97.93% of these sequences had a perfect match or had more predicted PR-domains by DRAGO 2, suggesting that DRAGO 2 might be more sensitive. On the other hand, if the detection of the CC domains is not included in the analysis, the number of putative pathogen recognition protein sequences with a perfect match or more putative PR-domains predicted by DRAGO 2 increases up to 99.21%.

Tool updates: DRAGO 2 tool and BLAST search {#SEC3-4}
-------------------------------------------

DRAGO 2 was integrated in the PRGdb web portal. Users can make use of it to predict putative PR-domains in their own sequences, whether DNA or protein. DRAGO 2 screening is performed through an intuitive web-based interface analysis suitable for non-experienced users.

By clicking on the DRAGO 2 option, users will be able to reach the DRAGO 2 form page. This form contains a unique box to paste the input sequences in FASTA format.

By clicking on the BLAST option, users will be able to reach the BLAST form page. This form contains a selection box to choose the PRGs target database (putative, reference or both), a second selection box to choose the analysis required (either blastp or blastx), a box to set the *E*-value filter and finally another box to paste the input sequences in FASTA format.

New annotations and data {#SEC3-5}
------------------------

On the one hand, the extensive bibliographic search yielded 41 new cloned PR genes from different resistance families (see the list of these genes and references in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). This means a total number of 153 reference genes were stored in the new database. On the other hand, DRAGO 2 was executed to predict putative pathogen recognition genes and to arrange them into PRG classes. More than 177 000 putative PRGs have been classified and stored in PRGdb 3.0. CTN, CTNK, CNLK, CTLK, TNLK, CTNLK, CC-only and transmembrane-only classes have been excluded from the results since none of the species showed these domain combinations. The highest number of predicted PRG proteins in all analysed proteomes belong to RLK, RLP and N with 23 211, 17 143 and 12 495 predicted PRGs respectively. Very rare combinations at low frequencies were also found, such as CTK, TLK and TNK, with a count of 1, 1 and 4, respectively. In contrast, other unknown domain combinations reached an unexpected frequency, with CK and CLK reaching a count of 9099 and 529 respectively.

Additionally, all putative and reference pathogen recognition genes were pooled together and blasted (blasp 2.2.30+) against themselves with parameters -max_hsps_per_subject 1 and -*E*-value 1e-06. The output results are displayed on the website in the gene details section.

CONCLUSION/FUTURE DIRECTIONS {#SEC4}
============================

In recent years, the availability of large scale data is rapidly increasing. The ability of investigators to use this data meaningfully is highly dependent on efficient technology search and data management that is best housed in a community resource such as PRGdb. We will continue to incorporate new data as they become available, including sequence and gene expression data from large-scale genomics projects. Several groups are planning to share manually curated PRG annotations in different species and transcriptomic data related to pathogen plant response. Finally, we have established a collaboration to capture more pathogen related data as well. For all these reason we think that PRGdb v3 could be a reference for PRGs studies.

AVAILABILITY {#SEC5}
============

PRGdb v3 is available at <http://prgdb.org>.
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